Toxin-antitoxin (TA) systems, including YoeB-YefM, are important mediators of bacterial 10 physiological changes. Agrobacterium tumefaciens YoeB and YefM are similar to that from E. 11 coli, and interact as a tight heterotetramer with a KD of 653 pM. We have verified that AtYoeB 12 can perform both ribosome-dependent and -independent RNA cleavage. We have also 13 characterized a newly described metal-dependent and pH-sensitive DNA cleaving ability. We 14 note that this DNA cleaving ability is observed at toxin concentrations as low as 150 nM. The 15 dose-dependence of in vitro ribosome-independent RNA and metal-dependent DNA cleavage is 16 equivalent, and requires a ten-fold increase in toxin concentration as opposed to in the presence 17 of the ribosome. The toxin concentration inside bacterial cells is unknown and according to 18 current models, should increase upon activation of YoeB through degradation of the YefM 19 and chromosomes.[1] Type II TA systems are the most widely studied and contain both a protein 44 toxin and antitoxin.[4, 17] Type II toxins generally inhibit translation (HipA,[16] VapC,[18] 45 RelE,[19, 20] Doc,[21] HicA,[22] and MazF,[23, 24]), while a few toxins such as Par#,[25] 46 CcdB,[26] and Fic,[27] inhibit the DNA supercoiling gyrase enzyme. Despite the apparent 47
antitoxin. The discovery of general nuclease activity by AtYoeB, and perhaps other YoeB toxins, 20 offers an opportunity to explore the plasticity of this protein fold and its potential role in the 21 evolution of nucleases. 22
IMPORTANCE 23
The importance of these findings is directly related to the in vivo concentration of YoeB toxins, 24 which remains unknown. At concentrations greater than 150 nM, the YoeB toxin 25 from Agrobacterium tumefaciens mediates both ribosome-independent RNase and metal-26 dependent DNase activity. While our data indicate the ribosome-independent activities of YoeB 27 toxins are weaker than the ribosome-dependent activity, as the TA system is activated it is 28 expected that the YoeB concentration will be increased, potentially providing a scenario where 29 these ribosome-independent activities may be relevant in vivo. Further, these studies highlight 30 the plasticity of this protein fold with respect to general nuclease functionality. 31
INTRODUCTION 33
Toxin-antitoxin (TA) systems are an important mode of intracellular prokaryotic and archaeal 34 regulation. [1] [2] [3] [4] [5] They consist of a relatively stable toxin and a more labile antitoxin. The role of 35 the antitoxin is two-fold: firstly, to neutralize the toxin, and, secondly, to serve as a self-repressor 36 for the transcription of its operon. [6, 7] Cellular proteases, such as Lon and ClpP, then degrade 37 the antitoxin under various "stressful" conditions. [6] [7] [8] [9] [10] [11] [12] This degradation allows existing toxin to 38 be freed from its cognate antitoxin, leading to alterations in cell physiology as well as increased 39 transcription of the bicistronic TA operon. The increased transcription coupled with antitoxin 40 degradation results in increased availability of intracellular toxin. [8, 13] TA systems are 41 classified into six categories (Types I-VI) based on the mechanism by which the antitoxin 42 neutralizes the toxin. [3, 10] These systems are found encoded on phages, [14] plasmids, [15, 16] 43 similarity in functions, type II TA systems have proven to be particularly challenging to 48 subdivide due to the relatively low sequence similarity and inconsistencies between toxin and 49 antitoxin annotations. [1, 2, [28] [29] [30] [31] [32] For example, the YoeB toxin belongs to the Rel-Par 50 superfamily, while the cognate YefM antitoxin is a member of the Phd superfamily. [33] A large 51 number of type II TA systems are classified as members of the Rel-Par superfamily, which 52 consists of toxins that are both plasmid-derived and chromosomally encoded. This superfamily is 53 of particular interest as members are very structurally similar but are noted to mediate different 54 alterations to cell function. 55
While plasmid-encoded TA systems have been linked to post-segregational killing [15] and 56 abortive infection, [34] the role of chromosomally-encoded TA systems is a focus of on-going 57 studies. Potential functions for these systems, which we note are not mutually exclusive nor 58 necessarily shared among all TA systems, include mediating responses to specific stresses, 59 altruistic cell death, or protection from invading genetic material. [35] [36] [37] Recent work from our 60 lab has shown that the chromosomal ParE toxin from P. aeruginosa can exert both protective and 61 fatal effects on the cell. [38] Additionally, the chromosomally-encoded YoeB toxin from E. coli 62 has also been well-studied to reveal a dimeric toxin that interacts with the ribosome to mediate 63 mRNA cleavage, thereby altering available transcripts. [39] [40] [41] [42] [43] [44] Previous literature on TA systems 64 found in Agrobacterium tumefaciens has focused only on tumor-inducing plasmid-borne TA 65 systems rather than those that are chromosomal. [45] [46] [47] [48] In this paper, we explore a 66 chromosomally-encoded proposed Par-type toxin from A. tumefaciens. The current study 67 demonstrates that this toxin shares sequence and structural similarities, as well as functional 68 activities, with the well-studied E coli ribonuclease YoeB toxin. Through these studies we 69 discovered a previously uncharacterized general nuclease activity imparting the in vitro ability to 70 degrade DNA in addition to RNA. It is feasible that additional YoeB toxins from other bacteria 71 share this catalytic ability and suggests an evolutionary path for this toxin family that includes 72 DNA degradation. 73
MATERIALS AND METHODS 74
Protein sequence alignments were carried out using UCSF Chimera, and prepared as a figure  75 using ESpript 3.[49] All protein structure figures and analysis of contacts were made using 76 UCSF Chimera.
[50] 77 Cloning, Expression, and Purification. The AtYoeB and AtYefM genes were amplified from 78 genomic DNA. The YoeB toxin was cloned into a modified pET-28(a) vector containing a C-79 terminal GST fusion affinity tag in addition to a 6× His tag, while the YefM antitoxin was 80 cloned into the pET15b vector. These constructs were also cloned into the pET-Duet vector, with 81 the AtYefM protein placed in the first multiple cloning site with an N-terminal 6× His tag, 82 while the second multiple cloning site contained untagged AtYoeB. Each construct was verified 83 by Sanger sequencing (see Table S1 for sequences, strains, and plasmids used). 84
These expression clones were transformed into BL21 DE3 E. coli and propagated in Lysogeny 85 broth (Miller, Difco) at 37 °C, 200 rpm until the OD 600 measured ~0.6. The temperature was 86 then dropped to 16 °C, and protein expression was induced with the addition of 0.5 to 1 mM 87 isopropyl β-D-1-thiogalactopyranoside (IPTG). The induction extended overnight for AtYoeB 88 and the AtYefM-YoeB co-expression, and 4 to 6 hrs for AtYefM antitoxin. Harvested cultures 89 were resuspended in 50 mM Tris pH 8.5, 300 mM NaCl and mechanically lysed using an 90
EmulsiFlex-C3 (Avestin). Clarified lysate was loaded onto a Roche HisTrap NiNTA column 91 equilibrated in the same buffer, and the His-tagged protein was eluted using imidazole. Relevant 92 fractions of AtYoeB, or AtYefM were desalted into 50 mM Tris pH 7.5, 150 mM NaCl using a 93
HiPrep 26/10 desalting column (GE Healthcare). Cleavage of the GST tag fused to AtYoeB was 94 accomplished through an overnight 4°C incubation with 2 U mg -1 HRV3c PreScission protease 95 (Sigma), 1 mM DTT, and 1 mM EDTA. Cleavage of the AtYefM 6×His tag affinity tag was 96 achieved with protein fractions desalted into 50 mM Tris pH 7.5, 150 mM NaCl and incubated 97 overnight at 4°C following the addition of 2 U mg -1 of thrombin (Sigma) and 2 mM CaCl 2 . 98
Cleaved AtYefM was separated from residual uncleaved protein via a second purification over 99
NiNTA resin, while cleaved AtYoeB was separated from the larger GST tag by size exclusion 100 chromatography. The final purification step for each sample, including the co-expressed 101 AtYefM-YoeB, utilized a Superdex 75 10/300 GL column (GE Healthcare) equilibrated in 50 102 mM Tris pH 8, 150 mM NaCl; protein purity was assessed by electrophoresis using 12% or 18% 103 tris-tricine gels. Western blots were carried out using a semi-dry transfer method, blocking with 104 1% milk in tris-buffered saline (TBS), and washing steps utilizing TBS plus 0.1% and size of the crystals. An XP additive screen (MiTeGen) formulated with Anderson−Evans 115 polyoxotungstate (TEW) yielded X-ray diffraction quality crystals obtained after 48 hrs with a 116 maximum size of 150×150×75 µm in a condition of 5% v/v 2-Methyl-2,4-pentanediol (MPD), 117 10% PEG 6,000, 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5, 118 and 1 mM TEW. 119
Prior to data collection, AtYoeB crystals were briefly rinsed for about ~15-30 seconds in 120 cryoprotectant solution supplement with 30 % MPD in the mother liquor and plunged in liquid 121 nitrogen. X-ray diffraction data (extending to 1.75 Å) were collected at 100 K at the SSRL ID14-122 1 beamline (Stanford, USA) with using an Eiger X 16M detector (Dextris AG data were ported to GraphPad Prism (v 6.0d) and replotted for graphic presentation. 149
Biolayer Interferometry (BLI) Assay. In order to measure the binding between the toxin and 150 antitoxin, an NiNTA pin (ForteBio) was incubated with 125nM His-AtYefM, followed by 151 titration of concentrations of AtYoeB (after removal of the 6× His tag). All solutions were 152 prepared in a 1× block buffer consisting of 0.5 %BSA, 0.05 %Tween-20 in 50 mM Tris-HCL 153 pH 8.5 and 300 mM NaCl. Controls were included with every measurement, consisting of 154 loading a non-specific protein (His-dihydrofolate reductase) as well as not loading any protein to 155 the NiNTA pin; neither showed appreciable signals indicating interaction with AtYoeB, and the 156 "empty" pin signal was used to correct for the baseline. Pins were regenerated before and 157 between runs by incubations in 10 mM glycine pH 1.7 alternated with 1× block buffer for three 158 cycles of five seconds, followed by recharging in 10 mM NiCl2 for 60 seconds. Data were 159 processed with the ForteBio Octet Data Analysis software using best practices. Sufficiently good 160 fits were obtained using a model for a 1:1 stoichiometry (see Fig. S3 for individual assays and 161 calculations). 162 DNase Assays. Reactions to measure the ability of a toxin to cleave DNA were assembled by 163 combining equal volumes of 500 ng supercoiled plasmid pBR322 (prepared with Zyppy 164 miniprep kit), 2 mM MgCl2, and water with 2× concentration of purified AtYoeB (in 50 mM 165
Tris pH 8, 150 mM NaCl), resulting in 20 µL assay volumes. Reactions were incubated at 37 °C 166 for 30 minutes, mixed with SDS to 1%, and then incubated at 50 °C for 15 minutes. Samples 167 were then mixed with loading dye, applied to a 1% agarose TAE gel containing SYBR safe, and 168 electrophoresed at 80 V for 30 min. To test pH, substrate, or metal dependence, a final 169 concentration of 5 or 10 µM toxin, as noted in the individual experiments, was added to the 170 reaction, and the relevant solutions were varied appropriately. In the case of the pH dependence 171 assay, Bis-Tris buffer at pH 5 or 6 or Tris-HCl at pH 7, 8 or 9 was added to a final concentration 172 of 100 mM. For analysis of topology preferences of DNase activity, substrates included 173 supercoiled pBR322 as listed above, linearized pBR322, or the single-stranded M13 genome 174 (NEB). In the case of the metal dependence assay, MgCl2, MnCl2, CaCl2, or ZnCl2 were added to a 175 final concentration of 2 mM; control reactions lacking toxin protein ensured these metal 176 solutions did not contain residual DNA cleaving contaminants. 177 RNA Synthesis. RNA was synthesized from SmaI (NEB) linearized plasmid containing the 178 Firefly luciferase gene under control of a T7 promoter (Promega). Linearized DNA was 179 recovered through a standard phenol:chloroform extraction, followed by a back extraction. 180
Glycogen at 10 μg/mL was used as a carrier during an overnight ethanol precipitation at -20 °C 181 as described. (64) Purified DNA substrate was added to the HiScribe™ T7 High Yield RNA 182 Synthesis kit (NEB), and RNA synthesis was carried out according to manufacturer's directions. 183
The resulting product was electrophoresed on a 1.2% FlashGel™ RNA cassette (Lonza) at 275 V 184 for 8-10 minutes to assess purity. RNA was purified via phenol:chloroform extraction and back 185 The structure of the YoeB toxin from A. tumefaciens, herein referred to as AtYoeB, was 220 determined at 1.75 Å resolution (see Table 1 ). YoeB toxins conform to a previously 221 characterized RNase fold consisting of two long helices packed against a twisted four to five-222 stranded antiparallel beta sheet. [42, 43] When compared to the EcYoeB toxin, there is an overall 223 RMSD of 0.6 Å for the core residues with 1.2 Å deviation overall ( Fig. 1A) . As can be deduced 224 from the protein sequence alignment in Figure 1 , these two toxins are 57% identical (76% 225 similar) at the amino acid level, including absolute conservation of the identified EcYoeB 226 catalytic residues noted in previous studies (Fig. 1) different amino acids between EcYoeB and AtYoeB, nine are located at the antitoxin interaction 230 surface. The AtYoeB sequence contains four inserted amino acids, located in a loop between 231 beta-strands 4 and 5 (Fig. 1A) . This loop was disordered in one of the two copies of AtYoeB 232 present in the crystallographic asymmetric unit; in addition, this loop makes interactions with the 233 tungstate-terillium compound that was critical for bridging important crystal contacts and that 234 was required to obtain usable diffraction quality crystals ( Fig. 1A) . 235
The regions of basic charge are maintained, and when superposed with the YoeB structure in the 236 ribosome site the amino acids interacting with the ribosome are also largely conserved. 237 A. An AtYoeB dimer (blue and grey ribbons) is found in the asymmetric unit of the crystal, with important crystal packing contacts mediated by a tungstate-terillium compound (TEW). The catalytic residues Glu46, Arg65, and a C-terminal His are conserved (shown in stick form, EcYoeB shown as green ribbon). B. The sequence of AtYoeB and EcYoeB are 76% similar, depicted with conserved residues in red boxes and similar in yellow boxes. Secondary structure is depicted above the sequence. Asterisks denote amino acids contacting the YefM antitoxin; "d" denotes amino acids at the YoeB dimer interface. Closed triangles denote contacts with the ribosome needed for catalysis, while open triangles mediate weak electrostatic contacts outside of the catalytic region (PDB IDs 6OXA, 6OTR, 6OXI).[2] Antitoxin contacts deduced from superposition of the AtYoeB structure (PDB ID 6N90) onto the E. coli YoeB-YefM complex (PDB ID 2A6Q). [3] Rather unusually, YoeB toxins are found as dimers even within the ribosome site, while other 238 ribosome-dependent RNases bind as a monomer, raising questions about the functionality of the 239 second YoeB molecule. In AtYoeB, three of the seven interacting residues in the second 240 molecule are changed from that found in EcYoeB: (Ec to At) Lys21Ala, Lys25Glu, and 241 Lys42Leu (Fig. 1B, open Each of these differences results in a loss or reversal of charged interaction. It is expected that 245 differences may arise at the toxin-antitoxin interface (Fig. 1B, asterisks) as has been previously 246 observed for the cognate pairing of TA proteins.
[62] Given that only one of these amino acids is 247 in contact with the antitoxin, it suggests that these amino acids changes are not driven by the 248 inherent specificity for interacting with their different cognate antitoxins, but rather, that they are 249 random or potentially involved with species-specific toxin functionality. 250
The YoeB dimer interface is well conserved among this class of toxin, largely solidified by two 251 tryptophan residues from each monomer (conserved at positions 5 and 10 for both At and 252
EcYoeB) forming an "aromatic ring cluster," in addition to polar interactions mediated by 253 conserved Tyr13, Gln17 and Asn18 side chains (Fig. S1) . Additional interactions are noted for 254
AtYoeB at positions that differ from its Ec counterpart: (Ec to At) Leu14Glu, Glu18Arg, and 255 Lys32Arg (Fig. S1) . These changes generate additional strong polar interactions for the AtYoeB 256
dimer. 257
The AtYoeB toxin can be expressed in the absence of its cognate antitoxin. 258
The YoeB toxin encoded in Escherichia coli (EcYoeB) is noted to be toxic, required co-259 expression with the cognate antitoxin and purification utilizing denaturation and refolding. [39, 260 40, 42-44, 62] Interestingly, AtYoeB appears much less toxic during over-expression. We have 261 previously measured the toxicity of AtYoeB to E. coli and noted a delayed impact on colony 262 forming units, with minimal impact on existing cells until more than ten hours of The dimeric state of AtYoeB was verified using MALS, 281 which determined an absolute molecular weight of 23.3 282 kDa (±2.5, n=2) (Fig. 2B) . While AtYoeB is dimeric, 283 the purified antitoxin was also found to be dimeric by 284 MALS (22.4 ±0.2 kDa, n=2) (Fig. 2B) . To examine the 285 complex stoichiometry, we turned to a co-expression 286 model. Purification relied on the affinity tag of the 287 antitoxin and yielded a single species by size exclusion 288 Figure 2 . Dimeric AtYoeB interacts with dimeric AtYefM to generate a tightly interacting heterotetramer. A. Differential scanning fluorimetry experiments were used to determine that the AtYefM antitoxin (green) does not display an appreciable melting transition in the absence of the AtYoeB toxin (blue), while the complex (orange) yields a single transition with a stabilizing effect versus the toxin alone (n = 2). B. Size-exclusion multiple angle light scattering (SEC-MALS) establishes the dimeric state of the individual partners and the resulting heterotetramer. AtYefM (green) contained the His affinity tag, while AtYoeB (blue) was analyzed after removal of the GST-His affinity tag (n = 2 for each sample). C. Biolayer interferometry (BLI) was carried out by capturing His-AtYefM on NiNTA pins and interactions were measured as AtYoeB toxin was titrated (n = 3). A one-to-one stoichiometric fit resulted in an interaction strength of 653 pM. (Fig. S3) . This species contains the complex of AtYoeB and AtYefM, and by MALS analysis 289 this complex is a 1:1 interaction resulting in a heterotetramer (55. 3 ±5.5 kDa, n=3, Fig. 2B) . 290
The dimeric AtYoeB toxin interacts strongly with the cognate AtYefM antitoxin, measured by 291 Biolayer Interferometry, yielding a calculated KD of 653 ± 300 pM using a model for a 1:1 fit 292 ( Fig. 2C, S2) . Consistent with this tight interaction, the Tm for this complex by DSF shifts to 293 73.2 °C ( Fig. 2A) . 294
DNase Activity is pH-and metal-dependent but substrate-independent. 295
As part of these studies, we noted AtYoeB-dependent DNA degradation (Fig. 3) . Previous 296 studies identified the catalytic residues for YoeB toxin degradation of RNA as Glu46, acting as a 297 general base, and the C-terminal His residue (83 in Ec, 87 in At) acting as a general acid. This 298 mechanism indicates that the histidine must be protonated, imparting sensitivity to pH for the 299 reaction. We considered if this mechanism would also be utilized for the degradation of DNA. 300
Consistent with this expectation, there was a sensitivity of DNA degradation to pH. However, 301 the maximum DNA degradation was noted around pH 8-9 ( Fig. 3 and S5 , which includes 302 additional gel images and calculations). At pH 9, potent DNA degrading activity is noted, 303 resulting in only 12% of the DNA remaining supercoiled. At neutral pH 7, an average of around 304 30% of the DNA is supercoiled, while prominent bands for both nicked and linear DNA 305 substrate are visible and increase as the pH increases. Further, the DNA cleaving activity can 306 also be detected on linear and single-stranded substrates (Fig. 3B) . The total intensity of DNA 307 measured in each lane was used to assess linear and single-stranded circular substrate 308 degradation. The samples with AtYoeB were then compared to the same samples lacking the 309 toxin to yield a percentage of remaining DNA substrate. Little variation was noted between 310 substrates (see Fig. S6 for additional gel images and calculations) with an average remaining 311
DNA substrate across all those tested of 70 ± 6.8 %. 312
The ability of YoeB to cleave DNA was also determined to be metal-dependent, with both 313 magnesium and manganese able to support this catalytic activity (Fig. 3C and S7 for additional 314 gel images and calculations). Calcium and zinc, however, were not useful for catalysis; the metal 315 Figure 3 . AtYoeB DNA cleavage is sensitive to pH and requires divalent cations, while RNA cleavage is independent of metal cleavage. A. Nuclease activity assays were carried out at the indicated pH values, and the resulting intensity of each DNA topology was quantified (n = 3, see Fig. S6 ). A marked pH dependence is noted, as pH 9 contains less of the starting supercoiled (SC) topology as it is cleaved into a nicked (N) and linear (L) topology. B. The DNA substrate did not affect the resulting cleavage, with approx. 25-35% decrease in total intensity for DNA after incubation with AtYoeB (n = 3, see Fig. S7 ). C. The DNA cleavage reaction requires a divalent cation, with manganese producing the most efficient reaction such that at pH 9 the DNA substrate is completely degraded while at pH 5 approx. 30% is degraded (n = 6, see Fig. S8 ). Magnesium is also sufficient, again with increased degradation at pH 9 versus pH 5. Zinc and calcium do not show strong pH dependence and are not as efficient at mediating catalysis. D. AtYoeB also degrades RNA in a dose-dependent manner in the absence of the ribosome, but this reaction does not require a divalent cation (n = 3). Reactions are performed with 2.5 mM MgCl2 except for lanes with the chelating agent EDTA. Note that 10 μM AtYoeB degrades essentially all of the RNA substrate under these conditions, and in the presence of EDTA it is still able to degrade approx. 65% of the starting substrate. dependence was further confirmed by a lack of DNA cleavage in the presence of EDTA. The 316 sensitivity to pH was also confirmed in the metal-dependent assay, where at the more active pH 317 9 the metal ion manganese catalyzes a complete loss of DNA substrate; however, at pH 5 this is 318 slowed to result in a loss of approx. 25% of the supercoiled band (Fig. 3C) . A similar 319 relationship was observed with magnesium, although the extent of degradation was tempered 320 relative to manganese, with a loss of approx. 27% at pH 9 and only approx. a 5% loss at pH 5. 321
Previously, the YoeB from E. coli was observed to cleave RNA in a ribosome-independent 322 reaction in vitro. [42] In a similar assay, we have determined that the AtYoeB toxin is also able to 323 cleave RNA in vitro in the absence of the ribosome (Fig. 3D, additional gels in Fig. S8 ). This 324 cleavage, however, is not a metal-dependent reaction but does proceed faster with magnesium. 325 This is consistent with proposed mechanisms that rely on the nucleophilic activity of the 2'-OH 326 of RNA in concert with the general acid and base residues of the protein. Calcium had a weaker 327 impact on the catalysis of RNA degradation (data not shown), while manganese and zinc caused 328 cleavage of RNA in the absence of the AtYoeB toxin. 329
AtYoeB-mediated DNA cleavage is blocked by interaction with the AtYefM antitoxin 330
These experiments were carried out to further demonstrate that the observed DNA cleavage 331 arises directly from the AtYoeB toxin. The toxin and antitoxin were expressed and purified 332 individually, and also co-expressed and purified as a complex. When assessed immediately after 333 purification, only the AtYoeB toxin demonstrates DNA cleavage ability (Fig. 4A) . Adding 334 exogenous antitoxin to reactions was not able to block the DNA cleavage. Upon prolonged 335 incubation (> 2 wks) at 4°, some minor DNase cleavage activity was noted for the co-expressed 336 complex. We hypothesized that some degradation of antitoxin was occurring during storage, 337 similar to what we observed for the initial inability of antitoxin to block the DNase activity. A 338 formal experiment utilized increased temperatures to promote this presumed degradation by 339 incubating identical aliquots of freshly purified AtYoeB-YefM complex at 4°C, 23°C, and 37°C. 340
After one week, these samples were analyzed for DNase activity (Fig. 4B) and antitoxin 341 degradation as visualized by Coomassie-stained gels and Western blots to detect the Strep-tagged 342 toxin and His-tagged antitoxin (Fig. 4C) . This revealed that indeed the antitoxin was becoming 343 degraded, evidenced by multiple protein bands reacting with the anti-His antibody and an 344 additional low molecular weight band with no reactivity on either Western blot. These 345 experiments also verified that the toxin was unchanged. The DNase activity was prominent in 346 the samples with antitoxin degradation, and absent in the 4° stored sample which, while having 347 some visible antitoxin degradation, was to a lesser extent than the samples incubated at warmer 348 temperatures. 349 350 Figure 4. The AtYefM antitoxin is able to block the AtYoeB-mediated DNA cleavage, but it readily undergoes degradation that renders it ineffective. A. DNA degrading activity of purified toxin, antitoxin, and co-expressed complex immediately after purification. These demonstrate that only the AtYoeB toxin possesses DNA cleaving ability. Further, addition of purified antitoxin to the toxin samples is not able to block this degradation. B. DNA degradation of co-purified complex after incubation for 1 week at temperatures above 4°C results in the gain of DNase activity. C. Electrophoretic analysis of the protein samples used in panel B reveal degradation of one of the protein components even at 4°C, but with increased degradation at temperatures above 4°C. D. Western blots were used to identify the individual bands visualized in the gel in panel C, revealing that the degraded component is the His-tagged AtYefM antitoxin, while the Strep-tagged AtYoeB toxin remains unchanged.
The dose-dependence of in vitro DNA and RNA cleavage are equivalent, and RNA cleavage 351 is enhanced by the ribosome. 352
The DNA and RNA cleavage reactions carried out by AtYoeB appear to vary in their catalytic 353 requirements for divalent cations; however, the dose-dependence of these two cleavage reactions 354 are equivalent (Fig. 5A, S4, S8) . This ribosome-independent RNA cleavage has been described 355 previously, and, additionally, it was noted that in vivo, the ribosome-dependent activity is the 356 relevant reaction. We utilized an in vitro cell-free coupled transcription-translation reaction to 357 assess the impact of the ribosome on the AtYoeB dose-dependent nucleic acid cleavage (Fig.  358   5B) . While the output of this assay is not a gel-based measurement but is instead the production 359 of fluorescent protein, the dose-dependence is the same regardless of if the reactions are initiated 360 with DNA or with RNA. We were thus able to directly compare the contribution of the ribosome 361 to catalytic efficiency, which is an improvement of approximately a factor of ten. Because the 362 dose-dependence is the same regardless of starting with a DNA substrate, the ribosomal-363 dependent RNA cleavage must be the dominant reaction. This then provides the first direct 364 measurements of equivalent nuclease activities for a toxin molecule. 365
SUMMARY AND CONCLUSIONS 367
As opposed to previously studied YoeB toxins, AtYoeB readily produces soluble toxin in the 368 absence of antitoxin, providing an ideal system to further explore YoeB activity. While its 369 structure and sequence are highly similar to the well-characterized YoeB toxin from E. coli, .[39-370 44] specific sequence changes can be pinpointed at toxin-antitoxin interaction points. This would 371 limit cross-reactivity of the antitoxins from different YoeB-YefM operons. Continued 372 experiments are seeking to understand the basis for the loss of AtYoeB toxicity with the 373 hypothesis that the interactions with the Agrobacterium tumefaciens ribosome must be distinct. 374
However, no significant sequence changes at the ribosome-interacting regions are noted. 375
The AtYoeB-YefM complex is a heterotetramer. Individual toxin and antitoxin are dimeric, and 376 they interact with canonically tight affinity in the high picomolar range. This high affinity can 377 also be inferred by an increased melting transition point of approx. 20 °C, while the AtYefM 378 antitoxin does not contain sufficient folded structure to yield a hydrophobic core as needed to 379 produce a signal in this assay. 380
It is known that certain toxins in the Rel-superfamily such as MazF, YafQ, and RelE cleave 381 truncated mRNA at the ribosomal A-site; however, MazF has also been reported to function 382 independently of the ribosome.
[61] Briefly, the toxin will bind to a ribosomal subunit, interacting 383 with the A site and preventing formation of the translation initiation complex. [19, 42-44, 65] 384 Additionally, this allows the cleavage of translated mRNA at the A site, releasing the 3'-end of 385 the mRNA from the ribosome.
[43] Similarly, we find that the YoeB toxin from A. tumefaciens is 386 able to cleave RNA in both ribosome-dependent and -independent reactions. 387
These experiments demonstrate that the antitoxin protein is prone to degradation, such that when 388 purified in the absence of toxin it is then unable to form interactions with the AtYoeB toxin that 389 block DNase activity, even at a two times molar excess. This is likely due to an increased rate in 390 the degradation of YefM upon purification in the absence of the toxin protein. The co-expressed 391 complex of AtYoeB and AtYefM clearly form a productive complex that is devoid of DNase 392 activity; the gain of this function, then, correlated with the visible degradation of antitoxin 393 confirms that the AtYoeB toxin is capable of direct DNA degradation, at least in vitro. 394 AtYoeB, and likely other YoeB toxins, possess the necessary residues to act as a general 395 nuclease, cleaving both RNA and DNA. While this activity is seen in the presence and absence 396 of the ribosome, the presence of the ribosome appears to order the C-terminal catalytic residue, 397 yielding an activity 10 times that observed in ribosome-independent reactions. The presence of 398 magnesium in solution can somewhat mimic binding of the ribosome, increasing the rate of RNA 399 cleavage. In the absence of the 2'-OH group, Mg 2+ is essential for DNA cleavage -a potential 400 mechanism based on DNaseI and related HNH nucleases that utilize two histidine residues as 401 opposed to the histidine and glutamic acid that cleave RNA.
[66] Due to the involvement of two 402 histidine residues in the cleavage of DNA, this reaction would be sensitive to pH changes. 403
Coupled with the partial charge distribution on the phosphoryl oxygens due to magnesium 404 coordination, these different local pKa environments of the histidine residues could favor 405
catalysis. 406
It is striking that both RNA nuclease and DNA nicking activity has been identified for the VapD 407 toxin family.
[67] The active site residues are shared by both nuclease activities, with acidic 408 residues serving as the catalytic residues that coordinate a metal binding site. This mechanism 409 was noted to be pH dependent, with increased activity above pH 8, similar to what is described 410 in the current study. However, analysis of the structures of VapD and YoeB reveal no structural 411 homology.
Other studies have noted the conservation of the activity in the absence of the ribosome, also demonstrating a lack of metal dependence. 712
Coding sequences within expression constructs
Reactions utilized 80 ng of RNA incubated with increasing concentrations of AtYoeB, and non-713 specific degradation was visualized by measuring the loss of intensity of the RNA as compared 714 to the control. Magnesium was included as noted at 2.5 mM, while EDTA was present where 715 indicated at 5 mM. 716
